We synthesised observations of total particle number (CN) concentration from 36 sites around the world. We found that annual mean CN concentrations are typically 300-2000 cm −3 in the marine boundary layer and free troposphere (FT) and 1000-10 000 cm −3 in the continental boundary layer (BL). Many sites exhibit pronounced seasonality with summer time concentrations a factor of 2-10 greater than wintertime concentrations. We used these CN obser-Correspondence to: D. V. Spracklen (dominick@env.leeds.ac.uk) vations to evaluate primary and secondary sources of particle number in a global aerosol microphysics model. We found that emissions of primary particles can reasonably reproduce the spatial pattern of observed CN concentration (R 2 =0.46) but fail to explain the observed seasonal cycle (R 2 =0.1). The modeled CN concentration in the FT was biased low (normalised mean bias, NMB=−88%) unless a secondary source of particles was included, for example from binary homogeneous nucleation of sulfuric acid and water (NMB=−25%). Simulated CN concentrations in the continental BL were also biased low (NMB=−74%) unless the number emission of anthropogenic primary particles was increased or a Published by Copernicus Publications on behalf of the European Geosciences Union. 4776 D. V. Spracklen et al.: Explaining global aerosol number concentrations mechanism that results in particle formation in the BL was included. We ran a number of simulations where we included an empirical BL nucleation mechanism either using the activation-type mechanism (nucleation rate, J , proportional to gas-phase sulfuric acid concentration to the power one) or kinetic-type mechanism (J proportional to sulfuric acid to the power two) with a range of nucleation coefficients. We found that the seasonal CN cycle observed at continental BL sites was better simulated by BL particle formation (R 2 =0.3) than by increasing the number emission from primary anthropogenic sources (R 2 =0.18). The nucleation constants that resulted in best overall match between model and observed CN concentrations were consistent with values derived in previous studies from detailed case studies at individual sites. In our model, kinetic and activation-type nucleation parameterizations gave similar agreement with observed monthly mean CN concentrations.
Introduction
There are two sources of particles in the atmosphere. Primary particles are emitted directly to the atmosphere and secondary particles are formed from gas-to-particle conversion. The relative contribution of these two sources to global aerosol is poorly understood, but it is important to quantify if we are to understand long-term aerosol trends and the impact of aerosol on climate. Here we use observations of total particle number concentration at sites around the world together with a global aerosol model to understand the sources of particle number.
Primary particles are emitted directly to the atmosphere, for example from biomass burning, combustion of fossil fuels and uplift of sea-spray and dust from the Earth's surface. While the emission strength of primary particles has been relatively well studied less is known about the size distribution of these emissions. A small uncertainty in the size distribution of primary particles (for a given mass) leads to a large uncertainty in the number emission of particles and results in substantial uncertainty in the atmospheric particle number concentration (Spracklen et al., 2005b) . Secondary particles formed from particle formation are observed at many surface locations around the world and also within the free and upper troposphere . Particle formation events are associated with a rapid increase in the number concentration of ultrafine particles followed by particle growth. Such events have been observed at sites ranging from Antarctica (Koponen et al., 2003) , Arctic , boreal forest (Mäkelä et al., 1997; Kulmala et al., 1998b; Dal Maso et al., 2005) , suburban and urban regions (Birmili and Wiedensohler, 2000; Gaydos et al., 2005) and coastal environments (O'Dowd et al., 1999) . Several observations using multiple measurement stations have shown that formation events can occur more or less uni-formly in air masses extending over hundreds of kilometres (Kulmala et al., 1998b Vana et al., 2004; Komppula et al., 2006) . Large concentrations of ultrafine (<20 nm) particles have also been observed in the free and upper troposphere (e.g., Clarke et al., 1998 Clarke et al., , 1999 Weingartner et al., 1999; Minikin et al., 2003) and frequent new particle formation has now also been recorded at high altitude surface sites (Venzac et al., 2008) . The importance of secondary particle formation on a global scale is uncertain, though it may make a significant contribution to both global condensation nuclei (CN) (Spracklen et al., 2006) and cloud condensation nuclei (CCN) concentrations Kuang et al., 2009; Makkonen et al., 2009; .
Despite such frequent occurence in the atmosphere, and potential importance to global aerosol, the underlying mechanism of new particle formation is not known. Several mechanisms have been proposed including binary homogeneous nucleation (BHN) of H 2 SO 4 -H 2 O (Jaecker-Voirol and Mirabel, 1988; Kulmala et al., 1998a; Vehkamäki et al., 2002) , ternary nucleation (TN) of H 2 SO 4 -H 2 O-NH 3 and ion-induced nucleation (Modgil et al., 2005) . BHN is strongly temperature dependent and only produces new particles in the cold free and upper troposphere (Weber et al., 1999; Adams and Seinfeld, 2002; Spracklen et al., 2005a; Lucas and Akimoto, 2006) . Revised parameterizations of ternary nucleation (Yu, 2006; Anttila et al., 2005; Merikanto et al., 2007) also suggest that this mechanism is not a significant source of particles in the lower troposphere (Elleman and Covert, 2009 ). Neither of these mechanisms is therefore likely to explain particle formation observed in the boundary layer (BL). Ion-induced nucleation potentially contributes to both free troposphere (FT) and BL particle formation (Kazil et al., 2006; Yu et al., 2008) . However, other studies suggest that ion-induced nucleation plays a minimal role Boy et al., 2008; Mirme et al., 2010) .
While our mechanistic understanding of nucleation remains so uncertain, an alternative approach has been used to explain observed particle formation and to estimate the impact of nucleation on global aerosol properties. Observations of surface particle formation events have been analysed to develop empirical particle formation mechanisms. The formation rate of molecular clusters (1 nm to 1.5 nm in diameter) is found to be proportional to the gas-phase sulfuric acid concentration to the power 1 to 2 (Weber et al., 1996; Kulmala et al., 2006; Sihto et al., 2006; Riipinen et al., 2007; Kuang et al., 2008) . The power one dependence of the cluster formation rate on sulfuric acid has been described in terms of an activation mechanism where sulfuric acid particles are stabilized by a secondary species such as organics. A power two dependence has been explained by proposing a kinetic nucleation mechanism (McMurry and Friedlander, 1979) .
Atmos. Chem. Phys., 10, [4775] [4776] [4777] [4778] [4779] [4780] [4781] [4782] [4783] [4784] [4785] [4786] [4787] [4788] [4789] [4790] [4791] [4792] [4793] 2010 www.atmos-chem-phys.net/10/4775/2010/ The development of global aerosol microphysics models in recent years means that we can now prognose CN and CCN concentrations for the first time (e.g., Seinfeld, 2002, 2003; Easter et al., 2004; Pierce and Adams, 2006; Pierce et al., 2007; Spracklen et al., 2005a,b; Stier et al., 2005) . Such models are being used to understand the processes controlling global aerosol and so there is an urgent need to evaluate these new models against observations. The significant uncertainties associated both with the treatment of primary emissions and particle formation mean that model skill may be lacking. The size of primary particles emitted in global models must take into account the size distribution of the primary particles at the point of emission as well as the ageing that occurs at sub-model grid scales . Because the mechanisms of atmospheric new particle formation are unknown there are also significant uncertainties in the global secondary particle formation rate .
Previous work suggests that remote marine boundary layer (MBL) particle number size distributions can largely be explained by a combination of entrainment of particles from the FT (produced by particle formation in the upper troposphere(UT)) and primary sea-salt emissions, although there are significant regional discrepancies between model and observations (Easter et al., 2004; Spracklen et al., 2005a Spracklen et al., , 2007 Pierce and Adams, 2006; Trivitayanurak et al., 2008) . Vertical profiles of CN over the remote MBL have also be explained by BHN (Spracklen et al., 2005a) .
Simulated CN concentrations in the continental BL are greatly enhanced by primary sulfate Seinfeld, 2002, 2003; Spracklen et al., 2005b; ), carbonaceous aerosol (Pierce et al., 2007) and BL particle formation (Spracklen et al., 2006 Makkonen et al., 2009; Chang et al., 2009) . While show that observed CN at continental BL sites can be largely explained by primary emissions alone, other studies suggest a large contribution from particle formation (Spracklen et al., 2006 Makkonen et al., 2009) .
In this study, we use observations of total particle number concentration together with a global aerosol model to better understand the contribution of particle formation and primary emissions to global aerosol number. We compile measurements of the total particle number concentration, reported for particle sizes larger than a few nanometers (typically 3-10 nm in diameter), from 36 surface sites around the world. Although such small particles are not directly relevant to climate, our dataset is the largest available for evaluating aerosol microphysics models and to understand the sources of global aerosol number. Furthermore, it is thought that subsequent growth of these particles to larger sizes may contribute significantly to both local and global concentrations of CCN (e.g., Laaksonen et al., 2005; Spracklen et al., 2008; Kuang et al., 2009; Wiedensohler et al., 2009 ) making them indirectly important to climate.
Model description

General
We use the GLOMAP aerosol microphysics model (Spracklen et al., 2005a,b) , which is an extension of the TOMCAT 3-D global chemical transport model (Chipperfield, 2006) to simulate sulfate (SU), sea salt (SS), elemental carbon (EC) and organic carbon (OC) for the year 2000. Large-scale transport and meteorology is specified from 6h European Centre for Medium-Range Weather Forecasts (ECMWF) analyses. We use a horizontal resolution of ∼2.8 • by ∼2.8 • and 31 vertical levels between the surface and 10 hPa.
GLOMAP treats the particle size distribution using either a two-moment modal or a twomoment sectional (bin) (Spracklen et al., 2005a) scheme. Here we use the sectional scheme and treat two externally mixed distributions, each described with 20 sections spanning 3 nm to 10 µm dry diameter. One distribution, representing freshly emitted primary carbonaceous aerosol, contains OC and EC, is treated as non-hydrophilic and is not wet scavenged. The other distribution contains SU, SS, EC and OC, is hydrophilic and is wet scavenged. Total simulated particle number is the sum of particles in these two distributions. The microphysical processes in the model include nucleation, coagulation, condensation of gas-phase species, in-cloud and below-cloud aerosol scavenging and deposition, dry deposition and cloud processing.
Non-hydrophilic particles age to become hydrophilic through condensation of soluble gas-phase species (includes sulfuric acid and secondary organic aerosol (SOA) precursors) and coagulation with hydrophilic particles. In all the experiments described here we assumed that a single monolayer coating of soluble material is sufficient to age nonhydrophilic to hydrophilic particles. We test the sensitivity to this assumption by running an additional simulation where we increased the amount of soluble material required to age non-hydrophilic particles by a factor of 5. This reduced the rate of ageing and increased the global surface mean concentration of non-hydrophilic particles by a factor of 2. The resulting increase in pre-existing aerosol surface area suppressed nucleation and reduced hydrophilic particle number by 10% (in a scenario where the secondary source of particles is from binary homogeneous nucleation). Total CN concentration (hydrophilic and non-hyrophilic particles) is relatively insensitive to this change decreasing by only 4% globally.
Concentrations of OH, O 3 and NO 3 and HO 2 are specified using 6-h monthly mean 3-D concentrations from a TOMCAT simulation with detailed tropospheric chemistry (Arnold et al., 2005) . Concentrations of H 2 O 2 are calculated as described in Spracklen et al. (2005a) .
Oceanic DMS emissions are calculated using the ocean surface DMS concentration database of Kettle and Anwww.atmos-chem-phys.net/10/4775/2010/ Atmos. Chem. Phys., 10, 4775-4793, 2010 dreae (2000) and the sea-to-air transfer velocity according to Nightingale et al. (2000) . Emissions of biogenic terpenes are from the GEIA inventory (Benkovitz et al., 1996) and are based on Guenther et al. (1995) . Emissions of SO 2 and carbonaceous aerosol from wildfires, biofuel, fossil fuel and volcanoes are based on the AEROCOM 1 emission inventories for the year 2000 (Dentener et al., 2006) . SOA from biogenic terpenes is included assuming the reactivity of alpha-pinene including reactions with OH, O 3 and NO 3 (Spracklen et al., 2006) . We assume all three reactions have a constant yield of 13% to a first-stage oxidation product that condenses with zero vapour pressure onto existing aerosol (Spracklen et al., 2006) . We assume that SOA is hydrophilic.
Primary emissions and particle formation
We test the sensitivity of the model to the emission of primary particles and the nucleation rate through a series of experiments detailed below and in Table 1. 1. Experiment PRI includes anthropogenic and natural primary particulate emissions but no secondary particle formation. Primary sea-spray emissions are based on Gong et al. (2003) . We assume that a fraction of sulfur dioxide emissions are emitted as primary sulfate either because these particles are directly emitted to the atmosphere or because they are formed through gasto-particle conversion at spatial scales smaller than our model grid. Emissions of primary sulfate are a standard option in many aerosol models (e.g., Adams and Seinfeld, 2002; Spracklen et al., 2005a; Stier et al., 2005) , however the properties of the particles are very uncertain. Primary sulfate and carbonaceous (EC/OC) particles are emitted assuming lognormal modes, which are mapped onto the model size bins. We emit primary sulfate at the rate (2.5% of SO 2 emissions) and using the size distribution suggested by AEROCOM (road transport: number median radius, r=15 nm, σ =1. (Dentener et al., 2006) , emitting EC/OC particles at about half the diameter of experiment PRI (fossil fuel: r=15 nm, σ =1.8, biofuel and wildfire: r=40 nm, σ =1.8) and thereby increasing the emitted EC/OC number by about a factor 8. Experiment PRISUL assumes that anthropogenic primary sulfate particles (transport, shipping, industry and powerplant emissions) are emitted at the size distribution according to Adams and Seinfeld (2003) (15% of emitted mass at r=5 nm, σ =1.6, 85% at r=35 nm, σ =2.0).
4. Experiments ACT and KIN are as experiment BHN, but additionally they include an empirical particle formation mechanism Sihto et al., 2006) in the BL. This mechanism is based on analysis of surface particle formation events. The formation rate (J 1 ) of 1-nm particles is given by:
where A is the nucleation coefficient. The value of M has been found to vary between 1 and 2 and A varies spatially and temporally, for reasons which are not known. We perform model simulations for both M=1 (activation mechanism, ACT) and M=2 (kinetic mechanism, KIN) and with a range of nucleation coefficients. In each model experiment the magnitude of the nucleation coefficient is fixed globally.
The particle formation rate at 3 nm (J 3 ) is obtained from J 1 and the equation of Kerminen and Kulmala (2002) :
where CS ′ is the reduced condensation sink (m −2 ) and GR (nm h −1 ) is the cluster growth rate (Spracklen et al., 2006) . GR is assumed to be constant between 1 nm and 3 nm and is calculated from the gas-phase sulfuric acid concentration. Newly formed particles are added to the model at 3 nm diameter. A full description of this mechanism in the GLOMAP model is described in Spracklen et al. (2006) . The empirical particle formation mechanism is based on observation of particle formation events made at the surface and there is some evidence to suggest that formation events are less likely in the lower FT (Heintzenberg et al., 2008; O'Dowd et al., 2009) . Additionally, observations of the vertical profile of CN number concentrations typically show maxima at the surface and in the UT and a minimum in the lower FT (Clarke and Kapustin, 2002; Schröder et al., 2002; Singh et al., 2002) . Applying the empirical particle formation mechanism throughout the depth of the troposphere in our model does not capture this observed profile and results in overprediction of CN concentrations in the lower FT (Metzger et al., 2010) . For this reason, as in earlier work (Spracklen et al., 2006 , we restrict the empirical particle formation mechanism to the BL while allowing BHN to occur above (which results in particle formation in the UT).
Simulation of surface CN number concentrations
Simulated surface CN (diameter >3 nm) concentrations for the different experiments described in Sect. 2.2 are shown in Table 1 and Fig. 1 . With no particle formation (PRI), surface annual mean (median) CN concentrations are 105 (30) cm −3 over the oceans and 640 (107) cm −3 over the continents. The greater simulated concentrations over the continents are due to primary anthropogenic emissions. Secondary particle formation by binary homogeneous nucelation (BHN) increases surface mean (median) CN concentrations by a factor 3.3 (8.4) over the oceans and factor 1.5 (5.7) over the continents. The absolute increase in mean CN at the surface due to BHN is relatively uniform across the globe (average of 250 cm −3 over oceans and 310 cm −3 over continental regions). This is because the secondary source of particles from BHN is largely in the UT and somewhat independent of SO 2 sources at the surface (Raes et al., 2000) . Increasing the number emission of primary EC/OC particles (PRICAR) further increases (over experiment BHN) mean (median) surface CN concentrations by a factor 1.4 (1.1) over the oceans and a factor 2.3 (1.4) over the continents. Increasing the number emissions of primary sulfate particles (PRISUL) increases CN concentrations by a factor 1.7 (1.1) over the oceans and a factor 2.4 (1.2) over the continents. The empirical BL particle formation scheme (with M=1 and k=2×10 −6 s −1 ) increases mean (median) surface CN concentrations (over experiment BHN) by a factor of 2.1 (1.9) over the oceans and by a factor of 1.8 (1.4) over the continents. Surface CN concentrations are sensitive to the nucleation coefficient used: a factor 100 change in the BL nucleation coefficient (A in Eq. 1) changes J 1 by a factor 100 and increases the surface CN concentration by a factor of 2.3. In contrast, surface CN are relatively insensitive to changes in the BHN nucleation rate, changing by less than 40% for factor 100 change in the BHN rate (Spracklen et al., 2005b) . This is because BHN occurs primarily in the UT and coagulation that occurs during transport and mixing of air to the surface reduces the sensitivity of surface CN to changes in BHN rate. The sensitivity of surface CN concentrations to the BL particle formation rate allows us to use observed CN concentrations and a global model to give an estimate of the surface nucleation rate as we show below (Sect. 4.2).
Model evaluation
The CN dataset
To evaluate the model we compiled a dataset of surface CN number concentrations recorded at 36 sites around the world. The locations of the sites are shown in Fig. 2 and Table 2 . We broadly classified the sites into FT, MBL and continental BL. We did not include any sites within urban environments because the resolution of our model is not sufficient to resolve urban-scale pollution. We only included sites which have recorded CN concentrations for at least a 12 month period. At sites with more than 12 months of data we report monthly mean and median cooncentrations as an average over the multiannual dataset. The time period of observations used at each site is shown in Table 2 . To give an indication of the interannual variability in the observations we report the standard deviation in monthly mean CN concentrations at sites where there are 4 or more years of data available.
Observations of CN were made either using condensation particle counters (CPCs), scanning mobility particle sizers (SMPS), differential mobility particle sizers (DMPS) or Diffusion Aerosol Spectroscopes (DAS). CPCs record total particle number concentration typically for sizes greater than 3 nm or 10 nm in diameter. SMPS and DMPS record the particle size distribution at sizes greater than either 3 nm or 10 nm in diameter. From the observed size distribution a CN concentration was calculated. We compared model experiments for each site using the same lower cutoff diameter as available from the observations. All CN concentrations are reported at ambient temperature and pressure.
All the MBL sites in this analysis are at coastal locations which are influenced to some extent by continental emissions. Samoa, in the tropical Pacific and Neumayer, on the Antarctic coast, probably experience the minimum continental and anthropogenic influence. We did not screen the data in an attempt to remove continental influence (e.g., Reade et al., 2006) as this complicates analysis with a 3-D Eulerian model.
High altitude sites located near the top of mountains are often influenced by thermal winds or forced convection resulting in diurnal cycles in aerosol (Weingartner et al., 1999; Venzac et al., 2009) . Additionally, diurnal and seasonal variation of BL height means mountain sites can be located in either the BL or FT at different times of the day or year. For these reasons the data from high altitude sites may not Atmos. Chem. Phys., 10, 4775-4793, 2010
www.atmos-chem-phys.net/10/4775/2010/ We linearly interpolate the model to the horizontal location of the observations. Where sub-grid topography means that the altitude above sea-level of the observation site is not within 500 m of the grid-point elevation of the model surface level (TOMCAT uses hybrid σ -pressure coordinates), we interpolate the model in the vertical to match the altitude of the observations. concentrations at MBL sites are typically 300-2000 cm −3 . The lowest concentrations are observed at Samoa in the tropical MBL (300 cm −3 ), coastal Antarctica (350 cm −3 ) and Point Barrow in the Arctic (450 cm −3 ). These 3 sites are likely to be the MBL sites with the least anthropogenic influence. The mid-latitude MBL sites have mean CN concentrations of between 1000 cm −3 and 2000 cm −3 , while even greater concentrations are observed at Mace Head (3000 cm −3 ). The higher concentrations at mid-latitude MBL sites is possibly because they are more heavily influenced by continental and anthropogenic aerosol sources. Mace Head is influenced by local nucleation events driven by iodine compounds (O'Dowd et al., 2002a,b) which likely explains the higher concentrations observed at this site. We did not filter out a continental influence so the MBL CN concentrations we report at these sites may not be representative for the open ocean. In the FT, annual mean CN concentrations are typically 500-2000 cm −3 . Lower concentrations are observed at the South Pole in Antarctica (100 cm −3 ). Observed CN concentrations at continental BL sites are up to an order of magnitude greater than in the FT or MBL, spanning 800 cm −3 to 7000 cm −3 .
Global analysis of annual mean CN number concentrations
We quantify the bias between model and observations as a normalised mean bias
where S i is the simulated annual mean CN concentration and O i is the observed multi-year annual mean CN concentration at site i) shown in Table 3 . The long sampling period (monthly and annual means) used in this analysis means that meteorological variability between specific years of observation and the year 2000 simulation is not likely to be a significant factor in the comparison.
The experiment with natural and anthropogenic primary particulate emissions but no secondary particle formation (PRI) captures the spatial pattern of CN concentrations relatively well (R 2 =0.46) but underestimates concentrations at all sites (slope of the linear regression, m=0.29, NMB=−78%). Simulated concentrations at continental BL sites are underpredicted by a factor of 2-10, and FT and MBL sites are underpredicted by up to a factor of 10 or more.
Including binary homogeneous nucleation in the model (BHN) increases simulated BL CN concentrations by 200-400 cm −3 and FT CN by up to 1000 cm −3 but results in only a modest reduction in model bias across all sites (m=0.32, Table 3 . Normalised mean bias between observed and simulated CN concentrations. Model experiments are described in Table 1, locations  and time periods of the observations are shown in Table 2 .
Stations
Model experiments PRI BHN PRICAR PRISUL ACT1 ACT2 ACT3 KIN1 KIN2 KIN3
NMB=−62%). Simulated concentrations are most improved at FT sites (NMB=−25%) and annual mean particle number at FT sites are mostly predicted within a factor of 2. CN concentrations at MBL sites are still underpredicted (NMB=−61%). However, annual mean CN concentrations are best simulated at Samoa and Neumayer which are the most remote MBL sites in this analysis. Increasing the number emission of primary anthropogenic particulate emissions (by reducing the assumed diameter of the emissions) increases simulated BL CN concentrations by as much as 10 000 cm −3 . The impact in the BL is regionally dependent: at sites close to anthropogenic sources (e.g., Finokalia, Hohenpeissenberg, Bondville, South Great Plains) simulated CN increases by up to a factor of 2.5, whereas at remote BL sites (e.g., South Pole, Point Barrow, Samoa, Cape Grim) they increase by less than 30%. Increasing EC/OC number emission (PRICAR) results in a smaller model bias (m=0.93, NMB=−15%) whereas increasing primary sulfate (PRISUL) results in model overprediction (m=1.47, NMB=30%). Such a large increase in simulated CN concentrations due to primary emissions has been seen in previous work such as .
Including BL particle formation increases annual mean CN concentrations at BL sites by several thousand cm −3 , similar to that simulated by increasing anthropogenic primary emissions. With the activation (ACT) particle formation mechanism, model bias varies from −45% to 10% with the best match between model and observations occurring using a nucleation coefficient of between A=2×10 −6 and A=2×10 −5 s −1 . With the kinetic (KIN) particle formation mechanism, model bias varies between −34% and 35% with the best match occurring when A=2×10 −12 cm 3 s −1 . The optimum nucleation rate coefficients in our model lie within the range of values calculated from detailed analysis of particle formation events: activation mechanism A=3.3×10 −8 s −1 −3.5×10 −4 s −1 ; kinetic mechanism A=2.4×10 −15 cm 3 s −1 − 1.3×10 −10 cm 3 s −1 Kuang et al., 2008) .
Our analysis provide support for previous work Kuang et al., 2008) that the magnitude of the BL nucleation rate coefficient varies spatially. Ob-served CN concentrations at Arctic and boreal forest sites (Pallas and Hyytiälä) are well matched by the model with A=2×10 −6 s −1 (M=1) or 2×10 −13 cm 3 s −1 (M=2). Sites in the Midwest US (Bondville and South Great Plains) would require a nucleation coefficient greater than A=2×10 −5 s −1 (M=1) to match observed CN. The reason for variability in the nucleation rate coefficient is unknown, but could include varying concentrations of other atmospheric species that can stabilise sulfate clusters. It has been suggested that organic species may be a key candidate (Verheggen et al., 2007; Bonn et al., 2008) .
The simulated spatial pattern of annual mean CN concentrations is not greatly improved through increasing the number emission of primary particles or including BL particle formation. Previous studies, using a smaller dataset than we compiled here, have also shown that it is difficult to constrain particle formation and primary emissions using annual mean particle number concentrations. To provide a stronger constraint on primary emissions and particle formation we therefore examined the observed seasonal cycle of particle number. However, care has to taken in interpreting seasonal cycles at some FT sites due to the potential for contamination with uplifted BL air. Table 4 shows the correlation coefficient between simulated and observed monthly mean CN concentrations for sites where monthly mean CN concentrations vary by more than a factor of 2 throughout the seasonal cycle. Figure 7 shows the average correlation coefficents for these sites calculated separately for FT, MBL and continental BL sites. The simulation with only primary particulate emissions (PRI) does not capture the observed seasonal cycle shown by the poor correlation coefficient between simulated and observed monthly mean CN concentrations at FT (R 2 =0.09), MBL (R 2 =0.14) and continental BL sites (R 2 =0.11). This demonstrates that changes to the seasonal cycle of primary emissions and changes to meteorology, transport and deposition are not sufficient to explain the observed seasonal cycle in CN concentrations. The emission datasets for biofuel emissions do not include a seasonal dependance which may cause a problem for simulating aerosol at some sites in Europe where wood burning is a much more important emission source in winter. However, the cycle of wood burning emissions (higher in winter) is opposite to that in observed CN concentrations (higher in summer) so this can not be an explanation for the incorrectly simulated seasonal cycle.
Accounting for the seasonal cycle in CN
With BHN the model better captures the observed seasonal cycle at some MBL (e.g., Neumayer) and FT sites (e.g., South Pole, Mt. Washington) resulting in an improved correlation in both the FT (R 2 =0.26) and MBL (R 2 =0.36). While winter-time concentrations are relatively well simulated, at some BL sites (e.g., Point Barrow, Hyytiälä and Pallas) underprediction during summer months results in a poorly represented seasonal cycle in the continental BL (R 2 =0.1). Increasing anthropogenic primary emissions degrades model representation of the seasonal cycle in the FT (PRICAR, R 2 =0.12, PRISUL, R 2 =0.22) and MBL (PRICAR, R 2 =0.21, PRISUL, R 2 =0.36), while slightly improving simulation in the continental BL (PRICAR, R 2 =0.14, PRISUL, R 2 =0.18). The empirical BL nucleation mechanism results in better simulation of the seasonal cycle improving the simulated seasonal cycle at continental BL sites (ACT2, R 2 =0.25; KIN2 R 2 =0.30) whilst maintaining or improving representation of the seasonal cycle in the FT (ACT2, R 2 =0.27; KIN2 R 2 =0.36) and MBL (ACT2, R 2 =0.34; KIN2 R 2 =0.43). 
Additional remote marine CN measurements
To extend the evaluation of the model to the remote MBL we use the dataset of Heintzenberg et al. (2000) who compiled observations from several field campaigns including ACE-1, ACE-2, ACE-Asia and INDOEX. Heintzenberg et al. (2000) fitted observed aerosol size distributions with two lognormal modes and gridded the observations into 15 • latitude bands. The different field campaigns used a range of sampling instruments with lower cutoff diameters ranging from 3 nm to 12 nm, but this information was not captured by the analysis. Additionally, the limited number of field campaigns available within certain latitude bands means that the dataset may not adequately represent CN concentrations within these regions. For this reason we only make qualitative comparisons between the dataset and our simulations. Figure 8 shows CN concentrations from the Heintzenberg et al. (2000) dataset compared with our model. We plot simulated CN12 (diameter >12 nm), which over the oceans is virtually identical to simulated CN3 (diameter >3 nm), except when BL particle formation is included in the model. For this experiment we plot both CN3 and CN12.
With primary emissions only (PRI) the model underestimates CN concentrations at all latitudes except 30 • -45 • N. When binary homogeneous nucleation is included (BHN) the model still underpredicts CN concentrations in the South-ern Hemisphere (between 15 • S and 75 • S) and Arctic (between 75 • N and 90 • N) oceans while either well simulating or overpredicting CN elsewhere in the Northern Hemisphere. Such underprediction in the Southern Hemisphere is a consistent feature of global aerosol models (Easter et al., 2004; Spracklen et al., 2005a,b; Pierce and Adams, 2006; Pierce et al., 2007; Trivitayanurak et al., 2008; . Underprediction of CN above 75 • N is likely due to the model not well simulating the transport of anthropogenic pollution to the Arctic (Korhonen et al., 2008) . Increasing the number emission from primary anthropogenic sources results in overprediction of CN between 15 • N and 60 • N, while the underprediction of CN persists in the Southern Hemisphere and Arctic. Including BL particle formation increases simulated CN, particularly in regions of SO 2 emissions from shipping and DMS emissions from the ocean. In the Southern Hemisphere, BL particle formation scheme improves the simulation of CN, whereas in the Northern Hemisphere it results in overprediction of CN except in the Arctic where the model underprediction of CN remains. Emissions of ultrafine sea-spray (Mårtensson et al., 2003) , not included in this work, may be another explanation for underpredition of CN in the Southern Ocean (Pierce and Adams, 2006) . 
Summary and conclusions
We have synthesised total particle number (CN) concentrations from surface sites around the world. A total of 36 sites met our minumum requirement of at least 12 months of CN data. The sites are located across both hemispheres in the free troposhere (FT), marine boundary layer (MBL) and continental boundary layer (BL). We found that CN concentrations (at ambient temperature and pressure) are typically 300-2000 cm −3 in the MBL and FT and 1000-10000 cm −3 in the continental BL.
We used the observations to evaluate the GLOMAP global aerosol microphysics model restricting our analysis to a comparison of monthly mean concentrations. Our aim was to evaluate the role of primary particulate emissions and new particle formation in controlling CN concentrations. We conducted a range of model simulations with different assumptions about primary anthropogenic particulate emissions and new particle formation.
Without secondary particle formation (primary particulate emissions only) the model greatly underpredicts observed CN concentrations (NMB=−78%). While the spatial pattern of observed CN was relatively well captured (R 2 =0.46) the model did not capture the seasonal cycle observed at FT (R 2 =0.09), MBL (R 2 =0.14) or continental BL sites (R 2 =0.11).
Including binary homogeneous nucleation of H 2 SO 4 -H 2 O (Kulmala et al., 1998a) in addition to primary emissions reduced model bias at FT sites (NMB=−25%) and improved the simulated seasonal cycle in the MBL (R 2 =0.36) and FT (R 2 =0.26). However, CN concentrations were still underpredicted in the continental BL with little improvement in model bias (NMB=−66%) or representation of the seasonal cycle (R 2 =0.1) at these sites.
There is considerable uncertainty in the size distribution of primary anthropogenic particulate emissions (which affects the particle number emitted for fixed mass) and previous studies have used a range of assumptions. We therefore evaluated the sensitivity of simulated CN to the uncertainty in Atmos. Chem. Phys., 10, [4775] [4776] [4777] [4778] [4779] [4780] [4781] [4782] [4783] [4784] [4785] [4786] [4787] [4788] [4789] [4790] [4791] [4792] [4793] 2010 www.atmos-chem-phys.net/10/4775/2010/ We tested an empirical nucleation mechanism which assumes that the formation rate of 1-nm nuclei (J 1 ) is proportional to the gas-phase sulfuric acid concentration to the power 1 (activation mechanism, J 1 = A[H 2 SO 4 ]) or 2 (kinetic mechanism, J 1 = A[H 2 SO 4 ] 2 ). We limited the empirical mechanism to the BL and allowed binary homogeneous nucleation to occur above. When the model included a combination of these mechanisms along with primary emissions both the spatial pattern of annual mean CN and the sea- The simulated nucleation rate depends on the nucleation rate coefficient, A, the magnitude of which is poorly known. We estimated a global-average value for this coefficient by running multiple experiments with different rates and finding the experiment that most reduced the model bias. The best agreement was with A=2×10 −6 s −1 to A=2×10 −5 s −1 for the activation scheme and with A=2×10 −12 cm −3 s −1 for the kinetic scheme, which agree with the rates derived from observed particle formation events Kuang et al., 2008) .
The applicability of the BL particle formation mechanism over oceanic regions requires further analysis. All long-term MBL observations are at coastal locations where they may be influenced by continental aerosol sources. Observed CN concentrations at a remote tropical MBL site (Samoa) was well matched by the model with binary homogeneous nucleation. The mid-latitude MBL sites used in this analysis are more heavily influenced by continental emissions and therefore may not well represent remote MBL conditions unless a detailed screening of the observations is performed. At these sites, as in the continental BL, either BL particle formation or increased number emission from primary anthropogenic sources was needed to reduce the bias between model and observations. The model underpredicted CN at Mace Head even with the fastest BL nucleation rates used in this study. This may be due to alternate nucleation mechanisms driven by iodine compounds being important in this location (O'Dowd et al., 2002b; Vuollekoski et al., 2009) .
In place of long-term open-ocean MBL observations we used a compilation of data from several field campaigns that has been gridded into 15 • oceanic latitude bands (Heintzenberg et al., 2000) . Without any new particle formation (primary particulate emissions only) the model greatly underpredicts CN throughout the global oceans. As seen in previous studies, models that include primary emissions and binary homogeneous nucleation consistently underpredict CN concentrations in the Southern Ocean whilst either well predicting or overpredicting CN in the Northern Hemisphere. Over the Northern Hemisphere oceans, BL nucleation results in further overprediction of CN, whereas over the Southern Ocean BL particle formation improves simulated CN concentrations. However, this model-observation discrepancy in the SH oceans has also been attributed to ultra-fine sea-spray (Pierce and Adams, 2006) .
Our comparison between monthly mean model and observed total particle number concentrations has demonstrated that a binary homogeneous sulfuric acid-water nucleation mechanism improves simulated particle number in the FT whereas an empirical new particle formation mechanism based on sulfuric acid improves simulated particle number in the continental BL. Both the kinetic-and activation-type mechanisms equally matched the observations so our analysis was not able to determine which mechanism appears to be dominant in the atmosphere.
In future work we will attempt to gain further insight into the particle formation mechanism through a detailed analysis of particle formation events including evaluation of simulated particle formation and growth rates. Because the rate of new particle formation is sensitive both to the concentration of gaseous sulfuric acid and to the pre-existing aerosol surface area (Spracklen et al., 2006) there is a need to evaluate the model at a range of sites where observations of both are available. Models also need to be tested against recent observations that suggest an important role for atmospheric mixing in the BL (Wehner et al., 2010) . A detailed analysis of particle concentrations in the free and upper troposphere is needed to better understand particle formation in this important region of the atmosphere. Recent laboratory experiments have suggested that in addition to sulfuric acid, organics may play a role in the nucleation process under atmospheric conditions (Metzger et al., 2010) . Targeted field campaigns in a range of contrasting environments are now needed along with model studies to evaluate the contribution of this mechanism to particle formation in the real atmosphere.
Primary aerosol sources can suppress nucleation through providing a condensation sink for sulfuric acid vapor and scavenging newly formed particles through increasing the coagulation sink. Previous studies have shown that dust particles can reduce CN concentrations within dusty regions by up to 20% through this mechanism (Manktelow et al., 2010) . Future studies must therefore study the contribution of dust, primary biological aerosol particles (Heald and Spracklen, 2009 ) and trace metal emissions to particle surface area and the corresponding suppression of new particle formation. In addition, the role of nitrate aerosol which has so far not been accounted for must be evaluated.
The production of CCN from particle formation also depends on particle growth rates which depend greatly on the availability of SOA precursors. A better understanding of particle growth rates is therefore important to understand the role of particle formation in the production of climate relevant particles. In Merikanto et al. (2009) we use the model evaluated here to quantify the contribution of both particle formation and primary particles to regional and global CN and CCN concentrations.
